The efficient use of fertilizer nitrogen (N) is crucial to sustainable human nutrition. All crops receive significant amounts of additional N in temperate environments, through fixation or fertilizer use. This paper reviews progress towards the efficient use of fertilizer N by winter wheat (Triticum aesitivum L.) and spring barley (Hordeum vulgare L.) in the UK, acknowledging that on-farm this is governed by economics. Recent multi-site N response experiments on old and modern varieties show that yield improvements since the 1980s have been accompanied by increases in economic optimum N amounts for wheat but not for spring barley. On-farm N use efficiency (NUE) has increased for barley because increased yields with optimum N were associated with compensatory decreases in grain N concentration, whereas on-farm NUE has not increased for wheat because grain N concentration has not changed and improvements in N capture were insufficient to make up for the increased yield. Genetic effects on NUE are shown to differ markedly depending on whether they are determined at a single N rate, as in variety trials, or with optimum N amounts. It is suggested that, in order to elicit faster improvement in NUE on farms, breeding and variety testing should be conducted at some sites with more than one level of applied N, and that grain N%, N harvest index, and perhaps canopy N ratio (kg N ha 21 green area) should be measured more widely. It is also suggested that, instead of using empirical functions, N responses might be analysed more effectively using functions based on explanations of yield determination for which the parameters have some physiological meaning.
Introduction
The efficient use of fertilizer nitrogen (N) is crucial to sustainable human nutrition: incomplete capture or poor conversion of fertilizer N causes global warming through nitrous oxide emissions (Bouwman et al., 2002) , pollution of water by nitrate emissions (Davies and Sylvester-Bradley, 1995) and of the wider environment by ammonia emissions (Misselbrook et al., 2000) . Yet increased crop productivity from land is crucial to meeting the increasing human dietary demands (Evans, 1998; Cassman et al., 2003) and, at present, it appears that this will be dependent on at least maintaining, if not increasing, current levels of N fertilizer use (Gilland, 2006) .
There are many inefficiencies in the N nutrition of plants (Jackson et al., 2008) whether or not they are grown as crops. This review specifically addresses plants grown as crops, where the particular efficiency of concern is the production of harvested dry matter (DM) in relation to the N available in the soil, including N from fertilizer. Whilst keeping this focus, it must be recognized that crops contribute to larger systems mostly of food production but also of fibre and fuel production and the DM and N transfers from crops to these wider systems can impact crucially on their efficiencies. In particular, it is important that the nitrogenous constituents of harvested DM match the requirements for its end use or uses (Sylvester-Bradley and Folkes, 1976) , a key challenge for future crop design. However, leaving aside these wider concerns, the ultimate crop in terms of N use efficiency (NUE) would be expected to maintain maximal photosynthetic production throughout the period of high irradiance and water availability with a photosynthetic canopy formed by the capture of only that N becoming available from the soil (and atmosphere), and with minimal or no fertilizer additions. The performance of current crop cultivars in temperate regions is far from this ideal (Fageria et al., 2008) , and there is a massive challenge ahead in understanding all the inefficiencies and in finding appropriate genetical or other innovations that will increase NUE without slowing improvements in crop productivity.
A wide literature exists on NUE and its improvement which has been reviewed by many authors (Miflin and Habash, 2002; Glass, 2003; Good et al., 2004; Defra, 2006; Lea et al., 2006 Lea et al., , 2007 Hirel et al., 2007; Parry and Reynolds, 2007; Dawson et al., 2008; Fageria et al., 2008) . NUE is generally defined as the yield of grain (or harvested product) achieved per unit of nitrogen available to the crop, from soil or applied fertilizer (Moll et al., 1982) . Thus NUE is more akin to the 'use efficiency' of water by crops (Katerji et al., 2008) than radiation (Sinclair and Muchow, 1999) , in that it is conventionally considered as the product of both N capture (often called 'N uptake efficiency'), the proportion of N taken up by the crop of that available to it, and N conversion (often called 'N utilization efficiency'), the amount of DM produced per unit of N taken up by the crop. These primary components of NUE are determined simply from the N concentration of harvested DM and the N harvest index (NHI; the ratio of N harvested to N in all above-ground materials) or, alternatively, from the N concentration of the total DM at harvest and DM harvest index (DMHI), as follows: N capture¼ðgrain yield3grain N%Þ=ðNHI3available NÞ or¼ðgrain yield3total N%Þ=ðDMHI3available NÞ N conversion¼grain yield=ðgrain N%3grain yield=NHIÞ ¼NHI=grain N% or¼grain yield=ðtotal N%3grain yield=DMHIÞ ¼DMHI=total N% Whilst much of the literature deals with the molecular, cellular, and genetical basis of NUE, there has been relatively little consideration of how NUE is determined on farms, and hence which of the fine-scale innovations might have most impact at the field-scale. This paper seeks to facilitate the improvement of NUE of crops in temperate regions by considering cropping in the UK, particularly reviewing data relevant to the way winter wheat (Triticum aestivum L.) and spring barley (Hordeum vulgare L.) are grown commercially.
Working from national statistics UK crops appear to display a wide range of N use efficiencies (Table 1) ; the best is sugar beet, but potatoes are also more efficient than cereals. Of the cereals, it is pertinent that the less productive and less extensively grown crops such as triticale, rye, and oats are more efficient than winter wheat and winter barley. Oilseeds are less efficient than cereals and, based on rather uncertain estimates of N fixation, the pulses are least efficient. For the cereals, there is a range in NUE from 21-31 kg DM kg À1 N. For winter wheat in the UK (including crops grown both for milling and feed) national statistics indicate that, over the last three decades, on-farm grain yields increased until the mid-1990s but that N fertilizer use has not increased since the early 1980s. Assuming no trend in available soil N, the trend for NUE is for an increase until the last decade (Fig. 1) . Attribution of this improvement to sub-components of NUE depends on whether there has been an underlying trend in on-farm NHI. Few published data are available, but it would seem unlikely that NHI has increased significantly since semidwarfs were introduced (Rooney and Leigh, 1993; Hay, 1995; Sinclair, 1998) . Making this assumption, it seems that NUE improved through better N capture more than through better N conversion. Mean NUE for wheat over the last decade was 24.4 kg DM kg À1 N. Of course, crops are grown primarily for profit, the determination of which is only influenced in small part by NUE, so it is important to review how NUE and its components are determined on the farm, accounting particularly for economic considerations, in order that ways of improving NUE can be prioritized for the future.
The range in harvested yields of concurrently grown varieties of either wheat or barley seldom exceeds 1 t ha À1 (HGCA, 2008) , so most on-farm yield variation within or between seasons depends on environmental factors. Onfarm yields are largely governed by the climates and soils in which the crops are grown and the farming systems of which they form part; because N fertilizers have been relatively cheap, yields have been largely unconstrained by N nutrition for most of the last half century (Legg, 2005) . All UK crops, other than the pulses, receive fertilizer N; amounts range widely from linseed at 60 kg ha À1 to oilseed rape and milling wheat at about 200 kg ha À1 (Table 1) . Inter-crop comparisons show no association between productivity and N supply, so it is important to understand how N supplies are governed.
On-farm N use is largely gauged according to economic 'rules'. Government-sponsored recommendations provide the 'official' version of these rules in the UK (MAFF, 2000; Sinclair, 2002) ; advocated amounts of fertilizer N are derived largely according to economic criteria, through analysis of response curves relating changes in value of the harvested product to the cost of increasing fertilizer inputs (Fig. 2) . Large numbers of response experiments have been conducted, and these are interpreted in the recommendations for most major crops. Variation in economic optimums is large and much is unaccounted for (SylvesterBradley et al., 1987 (SylvesterBradley et al., , 2008 ; at present, recommendations are adjusted for crop type (species, season of sowing, and market, but not explicitly for variety), soil type, soil N supply (judged according to soil type, previous land-use, and over-winter rainfall, or by soil analysis for nitrate and ammonium N), and (in the case of wheat) on-farm grain N%, an inverse index of yield potential of the site. A major part of most recommendation systems is devoted to the assessment of soil N supply because this varies hugely (Harrison, 1995) and has large effects on fertilizer use . Whilst improvement in the accuracy of estimating soil N supply, and in determining appropriate N recommendations, would give large improvements in NUE, these are not dealt with further in this review.
N response curves and economic effects on NUE
At an individual site, harvestable DM and crop N do not increase in direct proportion to N supply ( Fig. 2A) so efficiencies of N use are highly dependent on the level of N supply at which they are measured (Fig. 2B ). The example shown in Fig. 2 is chosen from a series of more than 120 cases as being typical for modern cultivars of wheat in the UK. In this case the fitted functions explained 88%, 94%, and 86% of the variation in grain yield, grain N% and NHI, respectively; grain yield (at 85% DM) increased from 7.4 t ha À1 to 12.2 t ha À1 due to fertilizer application, grain N concentration increased from 1.4% to 2.3% of grain DM, and NHI increased from 0.69 to 0.75 (although associated data show a decrease in NHI to be more normal). In consequence, NUE decreased from 50 to 22 kg kg À1 due to N application, with N capture decreasing from 100% to 66% and N conversion decreasing from 51 to 33 kg kg À1 . Because these efficiency changes are large, their values depend crucially on the N level at which they are expressed. With N rates on-farm being set according to economic principles the fitted functions and relative prices of fertilizer N and grain can be used to deduce likely values of these efficiencies and how they will change with prices (Fig. 3) . Whilst grain yield at the optimum is insensitive to the N:grain price ratio, the optimum N amount and the NUE are highly sensitive; for a change in price ratio from 3 to 9, as has occurred on farms since 2000 , optimum fertilizer use in this case would decrease from 321656 to 229634 kg ha À1 N and NUE would increase from 23.8 to 28.6 kg kg À1 . The pattern and magnitude of these effects apply to all crops on all farms so it is generally the case that high grain prices will increase fertilizer use on-farm, all other things being equal, whilst high fertilizer prices will decrease fertilizer use. Before 2000, the price ratio varied between 2 and 4 so a ratio of 3 was assumed in all recommendations (Dampney, 2000) , but since 2000 the ratio has varied from 3 to 9; for this review, unless stated otherwise, a ratio of 5 is assumed. These price effects also apply to comparisons of fertilizer use between species with high-value crops tending to have greater N use than low value crops (e.g. vegetables versus cereals; MAFF, 2000) .
Recognizing these economic effects, it becomes evident that breeding for greater yield does not necessarily cause inherent improvements in NUE and that the intention of research on genetic improvement of NUE must be to alter the characteristics (especially the shape) of the curve that describes how grain yield responds to applied N rather than just its asymptote. A linear plus exponential model (LEXP; George, 1984) was used to fit grain yields in Fig. 2A ,
where y is grain yield, N is the amount of N applied, and a, b, c, and r are empirically derived parameters which (crudely) describe respectively the asymptote, the potential yield change if no N was applied, the rate of yield loss due to over-application of N, and the shape of the response. Taking typical parameter values for this model (Fig. 4) , the changes needed to halve optimum N from 200 kg ha À1 without affecting yield are found to be largely concerned with the intercept (which increases from 5 t ha À1 to 7 t ha À1 ) and with r, which decreases from 0.990 to 0.975. In seeking to achieve such changes by genetic means, note that the precision of determination of optimum N amounts is typically poor, as in Fig. 2 . Hence it commonly proves difficult to assess differences in optimum N amounts with any confidence within one experiment, and conclusions on N optima and the associated NUE of different genotypes must be based on many experiments.
Recent evidence of genetic improvement in NUE Foulkes et al. (1998) analysed data from 22 experiments measuring the N responses of varieties introduced between 1969 and 1988. Using a regression approach to combine data over sites, they concluded that breeders had been successful in improving grain yield but associated improvements in NUE had only compensated in part, so optimum N amounts had increased. To elucidate more fully trends in N responses for more recent varieties, data are taken here from recent multi-site experiments conducted in harvest years 2003 to 2007 to support the revision of the UK N recommendations. These directly compared 'old' (introduced before 1988) and 'new' (introduced after 1990) varieties (Table 2) grown with no N and a range of N rates. The old varieties (except Golden Promise) were all recommended for commercial use for three or more years, and all were widely grown. The new varieties all had recommendations for use in [2003] [2004] [2005] [2006] [2007] (Table 2) on the basis of their high yields in trials (HGCA, 2008) . Old wheat varieties were all bred at the Plant Breeding Institute, Cambridge UK (except Slejpner), but new varieties were from six different breeding programmes. Old and new barley varieties were from three and four different breeding programmes, respectively. The nine experiments on bread-making varieties of wheat (Groups 1 and 2; NABIM, 2007) were described fully by Dampney et al. (2006) and the 15 experiments on spring barley varieties and 30 experiments on 'feed' varieties of wheat (Groups 3 and 4; NABIM, 2007) were described fully by Sylvester-Bradley et al. (2008) .
Sites were after different previous crops and on a range of soils distributed from Kent in Southern England to Aberdeenshire in Scotland. Each experiment had two old and two new varieties tested at six N levels ranging in nearequal increments from 0% to 166% of the N amount recommended (MAFF, 2000) with soil N supplies estimated from soil mineral N analysis determined in the autumn or spring. Grain yield and grain N% were measured at harvest, the responses being fitted with the LEXP function for yield and with the better fit of a Normal type with Depletion (Murray and Nunn, 1987) or a linear function for grain N%. On a subset of 13 of the feed wheat experiments an additional bread-making variety (cv. Xi19) was included and crop samples were taken at harvest to determine NHI. For all sites, grain N off-take (N harvested in grain; kg ha À1 ) was calculated from grain N% and grain DM yield, and total N uptake was estimated assuming that the mean NHI (from 13 sites) for old (70.1%) and new (71.4%) wheat varieties applied at all sites, and assuming 70% for barley (Abeledo et al., 2008) . The average total N uptake without N applied for each site was used to infer the soil N supply, and this value was used to calculate NUE, N capture, and N conversion. Of the 39 wheat and 15 spring barley experiments, eight of those on winter wheat and three on spring barley showed nil or very small responses to N so were excluded from the analysis. Responses in the remaining 31 winter wheat experiments are shown in Fig. 5 and those from 12 spring barley experiments are shown in Fig. 6 . By presenting the grain yields in relation to total available N (soil N supply plus applied N) it can be seen that the majority of wheat responses tended towards a zero intercept and that optima of both wheat and barley tend to increase as the asymptotes increase. Thus, optimum N rates related significantly to the optimum grain yield. The responses of barley appeared to show a positive intercept of 1-2 t ha À1 , possibly indicating a greater difference between efficiency of N capture from soil and fertilizer in barley than in wheat.
The relationships between optimum N and grain yield are consistent with previous analyses of N responses of cereals (Goodlass et al., 2002) and most recommendation systems in temperate countries assume such relationships (Dampney, 2000; MacKenzie and Taureau, 1997) , advising that the farmer should estimate the expected yield before setting fertilizer levels. However, the feasibility of precise on-farm yield prediction is questionable and slopes of 20 kg N per tonne grain yield for wheat and barley imply that significant adjustments should be made for differences in grain yield. It is therefore important to analyse the relationship more closely, testing whether it arises from the very different environments applying to these experiments, from the different genotypes, or from a combination of these. By inclusion of old and new varieties the recent experiments allow the genetic effects on N responses to be separated from environmental effects, something which has seldom been possible from previous experimentation on crop N responses. Tables 3 and 4 show the results from cross-site analysis of variance extracting the orthogonal comparisons of old and new varieties of winter wheat and spring barley, respectively. Both modern wheat varieties and spring barley varieties significantly out-yielded the old varieties at all N levels, seemingly by an increasing proportion as N levels increased for wheat, though not for barley. Whilst the N optima of modern wheat varieties were significantly and substantially greater than those of old varieties, there was no significant difference between optima of modern and old spring barley varieties. Grain N concentrations at the N optimum were identical for modern and old wheat varieties, but significantly lower in the modern than in the old barley varieties. Grain N off-takes at all N levels, including with nil N applied, were significantly greater for the new varieties, indicating that N capture has increased through breeding. This contrasts with the earlier findings of Foulkes et al. (1998) who concluded that newer varieties were less efficient at recovering soil N, but it is consistent with other studies which have found modern varieties to be higher yielding at all N levels, and to take up more nitrogen (Le Gouis et al., 2000; BrancourtHulmel et al., 2003; Guarda et al., 2004) . Whilst the higher yields of the modern cereal varieties mean that NUE is significantly greater than the older varieties at any given N rate, the NUE at the economic optimum for modern wheat varieties did not differ from the old varieties. By contrast, NUE at the optimum for modern spring barley varieties was significantly greater than older varieties, having higher yields and similar N optima. Attribution of these improvements in NUE to N capture or N conversion depends on knowledge of NHI. Unpublished data from the subset of 13 of the wheat experiments showed NHI to be significantly greater by just 0.013 (SED¼0.0074) in modern rather than old varieties; no data are available from the barley experiments. The genetic effect for wheat was small compared to environmental effects: NHI decreased significantly with N rate (from 0.72 to 0.68) and there were large site effects and interactions. The greater NHI of modern wheat varieties was associated with an increase in dry matter HI of 0.011 (SED¼0.0042) as was found in studies on earlier varieties (Austin et al., 1977; Rooney and Leigh, 1993; Brancourt-Hulmel et al., 2003) . If a difference in NHI of 0.013 is assumed between modern and old wheat varieties and nil for barley (Abeledo et al., 2008) , the results indicate that both N conversion and N capture have played a role in the improvement of NUE, with N capture being the more important for spring barley. To assess more directly the progress through breeding in crop performance and N use efficiencies of winter wheat, REML analyses were conducted in GENSTAT (VSN international, Version 10) to produce best linear unbiased predictions of all the above variates for all varieties tested (Fig. 7B) . By this analysis, varietal yields of wheat with optimum fertilizer N increased by 0.55 t ha À1 decade
À1
from the late 1970s to the 2000s, whilst yields without fertilizer improved at less than half this rate (0.21 t ha À1 decade À1 ). These increases are generally less than observed in earlier studies of yield improvement in the UK (Silvey et al., 1986; Austin et al., 1989 Austin et al., , 1999 Shearman et al., 2005) . Associated with these yield increases, optimum N increased at a rate of 12 kg ha À1 decade À1 (Fig. 7A ) with milling varieties tending to have greater N optima than the feed varieties. Whilst grain N concentrations with a fixed level of N applied (200 kg ha À1 ) decrease significantly with year of variety introduction (Table 3) , they were remarkably constant when assessed at the optimum, milling varieties tending to give higher concentrations at the optimum than feed varieties (data not shown).
There has been a small improvement in N off-take without applied N (Table 3) , but varietal yield improvement without fertilizer has been due more to better conversion of captured N than to greater recovery of soil N. With N fertilizer applied, N capture has improved along with the improved yields, at a rate of around 9 kg ha À1 decade À1 . NUE at a fixed N level (200 kg ha À1 ) has increased through variety introduction in line with the increase in grain yields (by 0.17 kg kg À1 year À1 without N applied, and by 0.15 kg kg À1 year À1 with 200 kg ha À1 N applied), but there has been no significant change in NUE with the optimum amount of applied N for wheat (Fig. 7C) . These results contrast with other reports on wheat in Europe (Le Gouis et al., 2000 Gouis et al., , 2002 Brancourt-Hulmel et al., 2003; Guarda et al., 2004) where changes in optima were not considered.
It is clear from the analyses of these recent experiments that, whilst UK wheat and barley breeders have been successful in improving grain yield, wheat breeders have only been partially successful in improving NUE, taking into account the expected adjustments in fertilizer use on farms. Comparing the overall effects of breeding on both yield and N use (Fig. 8) , it appears that the improvement in grain yield in wheat varieties has been associated with an increase in optimum N of approximately 22 kg t À1 extra yield. The increases in N optima counter-acted the improvement in N capture arising through increases in yield, resulting in static NUE at optimum N levels.
Spring barley breeding has been more successful in increasing yields without increasing N optima, indeed Fig. 9 shows that the differences between variety yields considered above are unrelated to differences in N optima. It would be useful to test whether the better NUE reported for six-row compared to two-row barleys (Le Gouis et al., 1999) is also unrelated to differences in N optima. In any case, for tworow barleys, breeding appears to have delivered considerable improvements in NUE under on-farm conditions. We can only speculate on why there have been different outcomes for the two species, but there are two main hypotheses.
(i) Selection of barley varieties in the breeding process and variety testing trials generally occurs at sub-optimal levels of applied N, hence N-efficient genotypes are more likely to be selected, whereas selection of wheat varieties has tended to use super-optimal N levels, presenting no opportunity for indirect selection of N efficient lines. (ii) Market requirements for malting barley require selection for low grain N%, the reverse being true for wheat lines which, until later stages of the breeding process, are usually selected for the high grain protein content required for bread-making. It is possible that selection for low grain N% in spring barley works a useful proxy for selection for N conversion. The fact that much of the improvement in NUE in barley seems to come from N capture rather than N conversion (Table 4) is, however, not entirely consistent with this hypothesis.
Physiological traits governing the N response curve
Clearly, in assessing our ability to improve on-farm NUE through breeding, it is crucial to assess the relationship between the NUE response curve in Fig. 2 and those traits that are considered relevant to NUE and open to genetic improvement (Hirel et al., 2007) . Physiological processes governing the diminishing response of wheat yield to applied N were previously proposed by Sylvester-Bradley et al. (1990a , b, 1997 Fig. 10 ) and this framework may offer an initial approach to identifying and prioritizing the traits most directly concerned with N responses, hence with genetic determination of optimum N and NUE. The 'step' approach hugely simplifies the dynamics of N acquisition (Fig. 10D ), canopy formation (Fig. 10C ), light interception (Fig. 10B ), photosynthesis and DM partitioning (Fig. 10A ) by just considering that the first two steps largely occur before anthesis, and the second two steps largely occur after anthesis. Taking each step in turn, a split line best describes the relationship of crop N uptake to increasing fertilizer N (Fig. 10D) . Ignoring the intercept (because it is discussed later) the first linear portion of this response takes fertilizer N recovery to be relatively constant within a site-season; one level of recovery applying to N amounts up to and exceeding the optimum. The initial assumption for apparent recovery of fertilizer N is 60% (Bloom et al., 1988) . The second part of the response is also very variable but averages at around zero (Bloom et al., 1988) ; i.e. crops appear to reach a finite ceiling for N uptake. It appears from the results reported in Table 3 and Foulkes et al. (1998) that there is significant genetic variation in fertilizer N recovery and that this has tended to be positively associated with grain yield.
The second step assumes a close relationship between the content of N in a crop canopy and its green area ( Fig. 10C ; Stokes et al., 1998) . Such relationships are found to apply to many crop (and other) species (Grindlay, 1997; Gastal and Lemaire, 2002) . The initial value assumed for this 'canopy N ratio' (CNR) is 3.0 g N m À2 green area; CNRs of UK wheat varieties grown in the 1990s were found to vary from 2.0 to 3.6 g N m À2 green area . The third step relating intercepted radiation to canopy size is commonly summarized by the Beer-Lambert Law and, as invoked here, is seen to account for much of the curvature in the yield response to applied N; the extinction coefficient (k), initially taken to be 0.45 (Thorne et al., 1988) , thus appears crucial to the determination of optimum N. Although there is significant variation in k between wheat varieties (Olesen et al., 2004) some of this may be correlated with CNR in a way that negates the influence of both on N response (Scott et al., 1994) .
In the final step, the relationship between light intercepted during grain DM formation and grain weight is considered to be direct (Fig. 10A) , and is governed by a radiation use efficiency (e). Due to the presence of much senescent tissue, the direct measurement of e after anthesis is too uncertain for any close discrimination between varieties, but an initial value of 1 g MJ À1 is assumed and it is clear from indirect estimates that genetic variation in e exists (Foulkes et al., 2001) , some of which may also be correlated with CNR and k. Fig. 11 . Sensitivity of NUE at the economic optimum to variation in economic factors and physiological traits, based on the analysis illustrated in Fig. 10 . The ranges listed were set for each trait to reflect variation within adapted UK wheat germplasm as referenced in the text.
Taking into account the range of genetic variation seen for each of the parameters in the above 'steps' approach, their influences on NUE (here defined as grain DM at the economic optimum per unit of available N from soil plus fertilizer) can be compared according to the likely range of genetic variation in current adapted UK germplasm (Fig. 11) . Of the canopy-related factors, it appears that improvement of NUE depends on increasing k and/or e whilst decreasing CNR. However, there are essential inter-dependencies: e could not be maintained if k were increased without also increasing CNR (Hirose and Bazzaz, 1998) . Similarly, a decrease in CNR could only be effective in reducing NUE if the decrease arose largely in non-photosynthetic tissues and the N in photosynthetic tissues was maintained; otherwise e would decrease (Dreccer et al., 2000) . In work on the genetic improvement of NUE, it will therefore be important to consider the canopy characters, but to consider them together and, as far as is possible, to discriminate between variation in photosynthetic and non-photosynthetic organs.
Referring back to the changes in N responses that would be required to halve fertilizer requirements whilst maintaining grain yield (Fig. 4) it appears that scope to improve the intercept is primarily governed by the recovery of soilderived N. Variation in grain N offtake between individual wheat varieties considered here appears to be small and inconsistent . It may be necessary to explore less well-adapted germplasm or transgenic solutions (Good et al., 2007; Azevedo, 2006, 2007) to achieve significant improvements in soil N recovery. Scope to change the shape of the response to applied N is governed by the recovery of fertilizer N, CNR, and also the canopy extinction coefficient. There is useful variation in all of these amongst modern adapted UK varieties (Foulkes et al., 2007) . However, it will be important to consider their inter-dependences before prioritizing breeding strategies.
Approaches to the genetic improvement of NUE
There is a clear association shown here between genetic improvement of UK wheat yields and optimum amounts of applied N. If UK wheat productivity is to approach its potential without substantial improvement of NUE, SylvesterBradley et al. (2005) predicted that it would require more than 400 kg ha À1 fertilizer N. As in most of the rest of Europe, use of fertilizer N on UK wheat increased until the mid-1980s, and on-farm wheat yields increased until the 1990s, but neither has increased more recently, despite variety trials showing continued genetic improvement and despite experiments such as those reported here showing an associated increase in optimum amounts of applied N. It appears possible that the N nutrition on-farm (as affected by N supplies and/or NUE) is at least one of the factors currently constraining wheat productivity.
If on-farm NUE is to be improved by genetic means, it is clear that the genetic effects on the economics of fertilizer management need to be recognized and accounted for in the design of experiments. It is clearly prohibitive both logistically and financially to undertake analysis of most traits relevant to NUE on many genotypes at many N levels. Experiments comparing canopy and grain traits for multiple genotypes commonly use a single N amount which inevitably differs from the optimum N amounts that would be used if those genotypes were being managed individually on-farm, so comparisons of NUE and its attendant traits at a single level of N supply may well prove misleading. An alternative is to conduct large experiments on multiple lines with multiple N amounts but with measurement of crop parameters restricted to those that would enable the statistical fitting of a simple physiological model, such as has been outlined above. Statistical fitting of the steps analysis (Fig. 10) tested with data for cv. Ambrosia (Fig. 2) accounted for 89% of variation in grain yield; using estimates of total radiation during grain filling (690 MJ m À2 from regional met records), observed NHI (Fig. 2) and CNR (2.9 g m À2 determined for the same cultivar in an adjacent experiment), parameter estimates were 121 kg ha À1 for soil N supply, 0.64 for apparent recovery of applied N, 320 kg ha À1 for the N uptake ceiling, 0.18 for k, and 1.8 g MJ
À1
for e. The approach clearly needs further development since estimates for k and e were small and large, respectively, in relation to direct measurements reported in the literature and, at N:grain price ratios of less than 8, the resultant N optimum was greater than the N uptake ceiling. However, the approach clearly has promise, since from easily made observations it proved possible to disassemble NUE into physiologically meaningful traits that would enable explanation of variation in economically optimal NUE. In this instance (assuming normal price ratios) it would have been concluded that NUE was controlled by traits concerning N capture, and not traits concerning N utilization. It seems a more sophisticated analysis of NUE may prove more helpful than the simple division of NUE into N capture and N conversion as has been advocated hitherto; this will identify more closely the physiological processes that are accounting for genetic differences. In pursuing the approach outlined in Fig. 10 it is encouraging that only CNR and NHI are needed in addition to the measurements of grain yield and grain N concentration normally taken during breeding and variety testing, and whilst these measurements are more laborious than measurement of grain yield and grain N%, both are determined without reference to land area, hence they avoid the inaccuracies attendant in crop area measurements (Bloom, 1985) . Given that there were some unexpected results from the first attempts at statistical fitting, more work is clearly required to develop the approach. Several datasets are available where detailed physiological analyses have been made over a wide range of applied N and throughout the growing period of the crop (Dines, 1998) . Further analysis of such data should allow development of better functional models for fitting. Part of this work should test how much would be lost in terms of functional understanding if the steps in Fig. 10 were reduced by relating the interception of radiation directly to crop N uptake, hence avoiding any consideration or measurement of canopy area. Given the positive association between specific leaf N and the extinction coefficient (Reynolds, 2000; Lemaire, 2007) , and that specific leaf N accounts for much of the variation in CNR (Critchley, 2001; Pask et al., 2008) there would be value in testing how much explanatory value would be lost by this simplification.
Given the dependence of NUE on applied N and that the optimum N amount tends to relate to the potential grain yield of wheat varieties it is necessary to consider how best to monitor and interpret data from variety trials where only one level of applied N was used, in order to extract as much intelligence as possible about NUE. Without knowledge of the individual responses to applied N, inferences about differences in NUE with optimum applied N appear to be best based on the finding that grain N% with optimum N is unrelated to grain yield and unaffected by breeding progress over time (Table 3 ; Fig. 7) . If a common slope can be found for the grain N% response to variation in amounts of applied N in the region of optimum N, then it might prove possible to use grain N% to indicate the amount by which the level of N applied differed from the optimum amount for that variety. Further, given the relative consistency in the shape of the yield response with N amounts close to optimum it may also prove possible to estimate the likely grain yield with optimum N applied. It would seem that, despite some uncertainty arising from such assumptions, data interpretation along these lines would offer a more accurate means of estimating NUE than at present, as NUE would approximate more closely to that occurring on-farm than any direct estimate of NUE made at the N level that happened to be applied.
Whilst NUE remains a useful measure of a crop's N economy, it will be important to acknowledge how crop N disperses through wider systems. For instance, as crops with high NUE are bred and grown, so soil N supplies to succeeding crops will decrease (Sylvester-Bradley, 1996) , hence subsequent fertilizer use may partially negate improvements in NUE. Similarly, if crop products come to have smaller N concentrations, end-users may find they need to supplement grain proteins with more protein from elsewhere. Essentially, NUE does not fully reflect the relationship between a crop's productivity and the environmental impacts of its available N; additional criteria should also be considered.
Conclusions
Optimum N amounts for both wheat and barley are clearly related to grain yield (Figs 5, 6 ) but only a portion of this relationship was due to genotype in winter wheat (Fig. 8 ) and none was due to genotype in spring barley (Fig. 9) . For wheat, the association of optimum N with grain yield will also negate the potential for yield improvement to improve NUE because economic forces will cause farmers to increase fertilizer use as yields improve. Yield improvement in barley on the other hand has been accompanied by equivalent improvements in NUE; it seems that barley breeding has successfully achieved both greater yields and smaller grain N%. By analogy, it seems that there should be scope in wheat, where market criteria allow (e.g. NABIM Groups 3 and 4) to select for low grain N% as well as higher yields, thereby developing lines with low fertilizer requirements as well as better yields.
Based on the finding that grain N% with optimum N is relatively stable, there is scope for further work to develop more sophisticated methods of data interpretation that would estimate optimum grain yield and optimum N amounts from grain yields and grain N% determined at a single N level. This would be facilitated by the use of applied N levels somewhat less than the expected optimal amounts, because such adjustments will not be applicable if the applied N has exceeded optimum N significantly. However, there is also a need for breeders and variety testing agencies to compare new germplasm with more levels of applied N, and this will become more worthwhile if simple physiologically based functions can be developed suitable for fitting to resultant data on grain yield, grain N% and NHI; it is suggested that such functions might allow the direct estimation of processes governing genetic differences in grain yield and NUE.
